INTRODUCTION
Minor and trace elements in aragonitic coral skeletons, as proxies for past ocean environments, have been studied since the pioneering work of Chave (1954) , who found that the Mg contents in a variety of biogenic marine carbonates, including coral skeletons, were positively correlated with the seawater temperature in which the carbonates were secreted. In the period up to the mid 1970s, the method of this kind of study was generally based on elemental analysis of bulk skeletal samples collected from various locations with different environmental conditions (e.g., different annual-average seawater temperatures) (e.g., Chave, 1954; Thompson and Livingston, 1970; Weber, 1973 Weber, , 1974 . Knutson et al. (1972) found, using X-radiography, that massive reef-building coral skeletons have density banding patterns; in general, a pair of neighboring high-and low-density bands corresponds to one year of skeletal growth (i.e., an annual band) (Knutson et al., 1972; Buddemeier et al., 1974; Dodge and Thomson 1974) . The width of the annual band (i.e., the annual skeletal extension) is generally in the range of 5-20 mm. After the finding of the skeletal density bands, seasonally- Fleitmann et al., 2007) , and Pb/Ca, Cu/Ca and Sn/Ca ratios as proxies for anthropogenic pollution (e.g., Shen and Boyle, 1988; Inoue et al., 2004) .
Na, S and F in coral skeletons have received little attention, though they, along with Sr and Mg, constitute the top five minor elements that have the highest molar abundances in the skeletons (Table 1 ). The Na/Ca molar ratio in the skeletons is considerably higher than any other minor-or trace-element/Ca molar ratio and is about double the Sr/Ca molar ratio that is the second highest. The number of published studies presenting Na measurements of coral skeletons is probably at most 15, most of which appeared before the mid 1990s (see Table 1 ). Only a few of them present high-resolution measurements of Na/Ca ratio or Na content along the growth axis of coral skeletons (Polyakov and Krasnov, 1976; Oomori et al., 1982; Kitano, 1990; Tsukamoto and Tsukamoto, 1995) ; Polyakov and Krasnov (1976) found relatively clear annual cycles of the Na content, whereas the others observed non-periodic or irregular variations in the Na/Ca ratio. These studies, however, provided little or no discussion of what factors may control the skeletal Na content or Na/Ca ratio.
In this paper, we investigate factors controlling the Na/Ca ratio of coral skeletons using monthly-to-bimonthly resolved data of Na/Ca, Mg/Ca and Sr/Ca ratios obtained from 4 massive coral samples (3 modern and 1 fossil) and also discuss modes of Na, S and Mg incorporation into the skeletons using published data and observations for abiogenic marine aragonites as well as coral skeletons.
MATERIALS AND METHODS
In March 1993, a massive coral colony of Porites sp. (~13 cm in size) was collected from Kabira, Ishigaki Island, Japan (24°28′28″ N, 124°07′39″ E) (Fig. 1) . The colony was living at ~1-m water depth at low tide. In September 1993, a 180-cm-long core (9 cm in diameter) was drilled from the top of a massive coral colony of Porites lutea (~250 cm in height) that was living near Yasurazaki, Ishigaki Island, Japan (24°33′32″ N, 124°20′08″ E) (Fig. 1) . The top of the colony was ~2 m below the sea surface at low tide. The drilling was carried out by cooperation between Institute for Hydrospheric-Atmospheric Sciences of Nagoya University and the Australian Institute of Marine Science (AIMS). In Ishigaki Island, SST exhibits a clear annual cyclicity ranging from ~20°C (in January or February) tõ 30°C (in August or September). In May 1992, a massive coral colony of Porites sp. (~40 cm in height) was collected, by AIMS, from Myrmidon Reef in the central Great Barrier Reef (GBR), Australia (18°17′ S, 147°23′ E) (Fig. 1) . The colony was living at the depth of ~2 m at low tide. At Myrmidon Reef, SST exhibits a clear annual cyclicity ranging from ~24°C (in July or August) tõ 29.5°C (in January or February). In January and February 1993, five vertical cores were drilled from Holocene emerged coral reefs at the Gushichan Coast, Okinawa Island, Japan (26°06′58″ N, 127°45′14″ E) (Fig. 1) . A well preserved fossil coral sample of Porites sp. (18 cm in length and 5 cm in diameter) was collected from one of the cores. The 14 C age of this fossil coral was determined to be 6750 ± 45 BP, using an accelerator mass spectrometer at the Groningen University, the Netherlands.
A 5-or 7-mm-thick slab was cut from each of the 4 coral samples along its growth direction using a circular rock saw. The slab was ultrasonically cleaned in distilled/ deionized water (DDW) and dried, then X-rayed. The Xradiography revealed coral skeletal growth patterns and Element/Ca ratio General range (mmol/mol) References Na/Ca 15−24 Amiel et al. (1973) , Land and Hoops (1973) , Polyakov and Krasnov (1976) , Swart (1981) , Oomori et al. (1982) , Busenberg and Plummer (1985) , Kitano (1990) , Bar-Matthews et al. (1993) , Tsukamoto and Tsukamoto (1995) , Mitsuguchi et al. (2001) , Ramos et al. (2004) Sr/Ca 8.0−10.0 Weber (1973) , Polyakov and Krasnov (1976) , Goreau (1977) , Smith et al. (1979) , Oomori et al. (1982) , Schneider and Smith (1982) , Beck et al. (1992 ), de Villiers et al. (1994 , Fallon et al. (1999 Fallon et al. ( , 2003 , Gagan et al S/Ca 4.0−10.0 Tokuyama et al. (1972) , Oomori et al. (1982) , Busenberg and Plummer (1985) , Kitano (1990) , Bar-Matthews et al. (1993) , Tsukamoto and Tsukamoto (1995) F/Ca 3.0−7.0 Carpenter (1969), Ohde et al. (1978) , Ohde and Ramos (2004) , Ramos et al. (2005) Mg/Ca 2.5−6.5 Chave (1954) , Weber (1974) , Goreau (1977) , Oomori et al. (1982) , Mitsuguchi et al. (1996 Mitsuguchi et al. ( , 2001 Mitsuguchi et al. ( , 2003 Mitsuguchi et al. ( , 2008 , Sinclair et al. (1998) , Fallon et al. (1999 Fallon et al. ( , 2003 , Wei et al. (2000) , Watanabe et al. (2001a, b) , Quinn and Sampson (2002) , Sinclair (2005) , Allison and Finch (2007) , and many others density banding. Along the skeletal growth direction in the slab, subsamples were collected at 2-mm intervals for the Yasurazaki sample, 1.1-mm intervals for the Kabira sample, and 1-mm intervals for the Myrmidon and Okinawa samples, using a low-speed high-precision cut off saw (Buehler ® -IsoMet ® ) for the Kabira sample and an etching/engraving needle for the other samples. The subsamples were treated with DDW (at room temperature: 20-25°C), very dilute HNO 3 (at room temperature: 20-25°C), and H 2 O 2 (at ~60°C), under ultrasonic agitation. Since the subsampling method and resulting subsample weight differed between the four coral samples, we varied the concentration of the HNO 3 and H 2 O 2 solutions accordingly (i.e., 0.004-0.04 mol/L and 10-30%, respectively). The treated subsamples were dissolved in 0.5 mol/L HNO 3 and measured for Na by airacetylene flame atomic emission spectrophotometry using a Seiko SAS/727 atomic absorption spectrometer with a discrete nebulization technique (Uchida et al., 1980) and for Mg, Ca, and Sr using a simultaneous inductively coupled plasma optical emission spectrometer (ICP-OES) with CCD detection (Varian Vista-PRO) or a sequential inductively coupled plasma atomic emission spectrometer (ICP-AES) with photomultiplier detection (Seiko SPS-7000A). The simultaneous ICP-OES was used for the Yasurazaki sample and the sequential ICP-AES was for the other samples.
For the Yasurazaki sample, 1-sigma errors for the Na/ Ca, Mg/Ca and Sr/Ca data were estimated to be 0.16 mmol/mol, 0.020 mmol/mol and 0.019 mmol/mol, respectively. For the other samples, 1-sigma errors for the Na/ Ca, Mg/Ca and Sr/Ca data were estimated to be 0.20-0.31 mmol/mol, 0.033-0.036 mmol/mol and 0.047-0.060 mmol/mol, respectively. These error estimates were obtained by replicate measurements of reference solutions prepared by dissolving Porites coral skeletons in 0.5 mol/ L HNO 3 .
RESULTS AND DISCUSSION
Results of each sample are shown in Fig. 2 . Pearson correlation analyses between the Na/Ca, Mg/Ca and Sr/ Ca data of each sample are shown in Table 2 . For all the samples, the Mg/Ca and Sr/Ca results show clear cyclical variations and are strongly negatively correlated with each other (r = -0.688 to -0.917; p < 0.0001); both can be assumed to reflect the annual cycle of SST at each location because (1) it has been demonstrated that coral Sr/Ca and Mg/Ca ratios are negatively and positively correlated with SST, respectively, although the Mg/Ca-SST correlation becomes very weak in some corals (e.g., Beck et al., 1992; Mitsuguchi et al., 1996 Mitsuguchi et al., , 2003 Mitsuguchi et al., , 2008 Fallon et al., 1999 Fallon et al., , 2003 Wei et al., 2000; Watanabe et al., 2001a; Quinn and Sampson, 2002; Allison and Finch, 2007) and 
. (a) Map showing locations of Ishigaki Island, Okinawa Island and Myrmidon Reef. (b) Map of Ishigaki Island. Two modern Porites corals from Kabira and Yasurazaki in Ishigaki Island, one fossil Porites coral (6750 ± 45 BP) from Okinawa Island, and one modern Porites coral from Myrmidon Reef were used in this study.
(2) the Mg/Ca and Sr/Ca cycles have wavelengths of ~7-16 mm, which are typical of annual growth rates of Porites corals. The chronology for each dataset was determined on the basis of the annual Sr/Ca cycle. The number of data points in each annual cycle of the Mg/Ca or Sr/Ca ratio varies from 6 to 13, indicating that the temporal resolution of the data varies approximately from 1 to 2 months. For all the samples, the Mg/Ca and Sr/Ca cycles are in complete agreement with the cycles of the skeletal density banding patterns revealed by X-radiography, indicating that the banding patterns represent annual bands.
For the Kabira and Yasurazaki samples, the Na/Ca results generally exhibit annual cycles with peak-to-peak variabilities of 7-18% and 7-16%, respectively, though the cyclicity is unclear in some years. For the Kabira sample, the Na/Ca data is positively correlated with the Mg/ Ca data (r = 0.533; p < 0.0001) but is not significantly correlated with the Sr/Ca data (r = -0.147). The insignificant correlation between the Na/Ca and Sr/Ca data is partly attributable to relative phase shifts between the Na/ Ca and Sr/Ca cycles. For example, the annual-maximum Sr/Ca ratio nearly coincides with the annual-minimum Na/ Ca ratio in the years 1986, 1987 and 1990-1992, whereas it is nearly coincident with the annual-maximum Na/Ca ratio in the years 1984, 1988 and 1989 . Consequently, the Na/Ca-Sr/Ca correlation becomes significant in some periods (e.g., 1990-1992) but insignificant for the whole period. For the Yasurazaki sample, the Na/Ca data is nega- tively and positively correlated with the Mg/Ca and Sr/ Ca data, respectively: r = -0.377 (p < 0.005) and r = 0.650 (p < 0.0001). Thus, the Kabira and Yasurazaki samples differ markedly in the Na/Ca-Mg/Ca and Na/Ca-Sr/Ca correlations, though both samples were collected from Ishigaki Island, with a distance of ~23 km between the two (see Fig. 1(b) ). We compared the Na/Ca time series of the two samples for their common period of [1985] [1986] [1987] [1988] [1989] [1990] [1991] [1992] to show the difference between them (Fig. 3) . The most remarkable difference occurs in the period 1989-1992, where the two Na/Ca time series show opposite variations and differ in the mean by 1.44 mmol/mol corresponding to an approximately 7% offset. It has been observed that seasonal SST variations around Kabira and Yasurazaki are essentially the same. Neither Kabira nor Yasurazaki is influenced by freshwater discharge; therefore sea-surface salinities (SSSs) at the two sites are likely to be very similar and are quite unlikely to show such different seasonal variations as seen in Fig. 3 . It can be assumed that seawater Na/Ca ratios at Kabira and Yasurazaki are approximately the same and constant, because both Na and Ca are conservative elements in the ocean with temporal and regional variations in the Na/Ca ratio being ≤1-2% (Tsunogai et al., 1973; Horibe et al., 1974; Millero and Leung, 1976; Nozaki, 1992) . Thus, none of these environmental parameters (SST, SSS, and seawater Na/Ca ratio) can account for the difference between the two Na/Ca time series. For the Myrmidon and Okinawa samples, the Na/Ca results display irregular fluctuations with variabilities of ≤6% and ≤10%, respectively. These variabilities are smaller than those of the Kabira and Yasurazaki samples but are still significant (i.e., sufficiently larger than the 2-sigma error of the measurement). For the Myrmidon sample, the Na/Ca data is not significantly correlated with the Mg/Ca data (r = -0.063) but is slightly positively correlated with the Sr/Ca data (r = 0.246; p < 0.05). For the Okinawa sample (6750 ± 45 BP), the Na/Ca data is not significantly correlated with either the Mg/Ca data (r = 0.019) or the Sr/Ca data (r = 0.121). Geographic and oceanographic settings of Myrmidon Reef and the Gushichan Coast (the site of the Okinawa sample) indicate that these sites are almost free from the influence of freshwater input; therefore SSSs at both sites can be assumed to be almost constant. These Na/Ca time series with significant irregular fluctuations do not appear to be attributable to any of SST, SSS and seawater Na/Ca ratio.
These results, taken together, allow us to exclude SST, SSS and seawater Na/Ca ratio from dominant controlling factors of coral Na/Ca ratio and to suggest other environmental factors and/or coral physiological factors as possible ones. Polyakov and Krasnov (1976) made seasonallyresolved minor-and trace-element measurements for 8 modern annually-banded coral samples (Porites sp.) collected from the southwestern Pacific and found that, for most of the samples, the Na and Sr concentrations showed similar (positively-correlated) annual cycles. This is similar to our results for the Yasurazaki sample. Oomori et al. (1982) made near-monthly-resolved measurements of Na/ Ca, Mg/Ca, S/Ca and Sr/Ca ratios for 3 modern coral samples (Porites lutea, Acropora intermedia and Favites abdita) from Okinawa Island and observed that all the 3 samples showed irregular Na/Ca fluctuations. This is similar to our results for the Myrmidon and Okinawa samples.
Figures 4(a) and (b) are a Na/Ca vs. Mg/Ca plot and a Na/Ca vs. Sr/Ca plot, respectively, where our data is plotted together with the data of Bar-Matthews et al. (1993) and Ramos et al. (2004) . Figure 4 (c) is a Na/Ca vs. S/Ca plot showing the data of Bar-Matthews et al. (1993) and Busenberg and Plummer (1985) . Bar-Matthews et al. (1993) measured, using electron probe microanalysis (EPMA), the concentrations of Na, Mg, S and Sr in modern and fossil coral skeletons (Acropora palmata and Montastrea annularis) and 4 types of abiogenic marine Figs. 2(a) and (b) ). Table 2 ). The plots for Mitsuguchi et al. (2001) 1923-1924, 1956-1957, and 1990-1991 Busenberg and Plummer (1985) measured the Ca concentrations in their sample materials. In Fig. 4 , element/Ca ratios for the data of Bar-Matthews et al. (1993) and Busenberg and Plummer (1985) have been calculated on the basis of the observation that coral skeletons and secondary aragonites have approximately the same Ca concentration: 385,000 ± 5,000 ppm (e.g., Sun et al., 1999; Enmar et al., 2000; Sun et al., 2005; T. Mitsuguchi, unpublished data) . In Fig. 5 , our data is plotted together with the data of Mitsuguchi et al. (2001) , who subjected each of 5 powder samples of Porites corals to the following stepwise cumulative treatments: (i) no treatment + (ii) a treatment with distilled/deionized water + (iii) a treatment with 30% H 2 O 2 + (iv) a treatment with 0.004 mol/L HNO 3 and investigated how the Na/Ca, Mg/Ca and Sr/Ca ratios of each sample vary with each step. Our Na/Ca data ranges from 17.8 to 23.2 mmol/ mol and is generally in good agreement with the previously published data for coral skeletons (see Figs. 4 and 5).
Fig. 4. (a) Na/Ca vs. Mg/Ca, (b) Na/Ca vs. Sr/Ca, and (c) Na/Ca vs. S/Ca scatter plots for coral skeletons and 4 types of abiogenic marine aragonites (fibrous, acicular, oolitic and botryoidal). The legend on the right provides information on the following features: (1) data source, (2) coral species or abiogenic aragonite, and (3) sample location(s). The data of Bar-Matthews et al. (1993) were obtained by EPMA, while the other data were by solution analysis. Note that the EPMA data for coral skeletons and abiogenic marine aragonites show strong positive correlations between Na/Ca, Mg/Ca and S/Ca ratios. The Na/Ca-Mg/Ca correlation has a Pearson correlation coefficient (r) of 0.81 and roughly approximates to a direct proportion with the Mg/Na molar ratio of 0.2, and the Na/Ca-S/Ca correlation has an r value of 0.95 and closely approximates to a direct proportion with the S/Na molar ratio of 0.31. The boxed areas in (a) and (b) correspond to Figs. 5(a) and (b), respectively.

Fig. 5. (a) Na/Ca vs. Mg/Ca and (b) Na/Ca vs. Sr/Ca scatter plots for the results of this study (color symbols: blue, Kabira; orange, Yasurazaki; green, Myrmidon; and purple, Okinawa) and Mitsuguchi et al. (2001) (open black symbols). The color symbols are the same as in Figs. 4(a) and (b). For the results of this study, the least-squares regression line is shown for the plot of which the correlation is significant at p < 0.05 (see
indicate results of 5 coral powder samples (shown as different symbols). Each powder sample was subjected to stepwise chemical treatments (see text) and measured for the elemental ratios after each treatment step (thus, 4 data points connected with solid lines are shown for each sample). The open triangle, circle, and square represent the powder samples from
The EPMA results of Bar-Matthews et al. (1993) show strong positive correlations between Na, S and Mg concentrations not only in coral skeletons but also in various abiogenic marine aragonites (see Figs. 4(a) and (c) ). The Na-S correlation has a Pearson correlation coefficient (r) of 0.95 and closely approximates to a direct proportion with the S/Na molar ratio of 0.31, and the Na-Mg correlation has an r value of 0.81 and roughly approximates to a direct proportion with the Mg/Na molar ratio of 0.2. The Na-S correlation is supported by Oomori et al. (1982) , who applied EPMA as well as conventional solution analysis to a coral skeletal sample (Favites abdita) and observed very similar fluctuations of the Na/Ca and S/Ca ratios not in the solution analysis but only in EPMA. This suggests that, in coral skeletons, Na and S are similarly distributed on the microscale (≤a few hundreds of µm) but not on the macroscale (≥1 mm). The Na-Mg correlation is supported by Mitsuguchi et al. (2001) , who observed that the Na/Ca and Mg/Ca ratios of coral skeletons varied very similarly throughout the abovedescribed cumulative treatments and that these variations were subparallel to the line Mg/Na = 0.2 (mol/mol) in the Mg/Ca-Na/Ca scatter plot (see Fig. 5(a) ). They concluded that the very similar variations in the Na/Ca and Mg/Ca ratios are due to similar microscale heterogeneities of Na and Mg in the skeletons. The Bar-Matthews et al.'s results are further supported by Shirai et al. (2008) , who applied an elemental mapping technique by EPMA to a coral skeletal sample (Acropora nobilis) and observed similar heterogeneous distributions of Mg and S in the skeletal microstructure. The strong positive Na-Mg correlation hardly appears in the monthly-to-bimonthly resolved data of Oomori et al. (1982) and this study. Of the 4 samples in this study, the Kabira sample shows a moderate positive correlation between the Na/Ca and Mg/ Ca ratios, but the Yasurazaki sample, on the contrary, exhibits a significant negative correlation between the two (see Table 2 and Fig. 5(a) ). These observations, taken together, suggest that the dominant controlling factor for each of the Na, S and Mg concentrations in coral skeletons is complex and varies depending on the scale on which the skeletons are analyzed.
We suggest that the strong positive correlations between Na, S and Mg observed by Bar-Matthews et al. (1993) reflect the principal behaviors of these elements in their incorporation into any type of aragonite biogenically or inorganically precipitated in seawater, because these correlations hold good not only for coral skeletons but also for various abiogenic marine aragonites (see Figs. 4(a) and (c) ). The Na-S-Mg correlations can be related to the fact that ~40-60% of SO 4 2-in seawater is ion paired with Na + and Mg 2+ (i.e., NaSO 4 -and MgSO 4 0 ) (e.g., Byrne, 2002) ; therefore, we suggest that these ion pairs as well as Na + , Mg 2+ and SO 4 2-may be incorporated into any type of marine aragonite. Pingitore et al. (1995) showed, by X-ray absorption spectroscopy, that S exists as SO 4 2-in coral skeletons. It is still unclear whether Na + , Mg 2+ and SO 4 2-can occupy specific sites in the crystal lattices of biogenic and abiogenic marine aragonites. The size of Mg 2+ may be too small to substitute for Ca 2+ in aragonite. It seems questionable whether SO 4 2-can replace CO 3 2-in aragonite, because they are considerably different in both size and shape. Although Na + is very similar in size to Ca 2+ , it is unclear whether Na + can substitute well for Ca 2+ in aragonite, since they differ in charge. Charge imbalances resulting from the incorporation of Na + into calcium-carbonate lattices may be compensated for by: (1) lattice defects such as vacancy sites and interstitial ions (White, 1977) and (2) incorporation of monovalent anions such as HCO 3
- (Land and Hoops, 1973) , F - (Ichikuni, 1979) and B(OH) 4 -(Hemming and Hanson, 1992) into the lattices. Mitsuguchi et al. (2001) suggested that NaSO 4 -and MgSO 4 0 as well as Na + , Mg 2+ and SO 4 2-are incorporated into lattice defects and distortions (LDDs) of coral aragonite and that the LDDs occur at higher density at the center of calcification where very fast and irregular crystal growth probably occurs. Such LDDs into which NaSO 4 -and MgSO 4 0 are incorporated might be larger defects such as grain boundaries and bulk defects. It is very likely that LDDs in abiogenic marine aragonites are fewer and smaller than those in coral aragonite, because much slower and more stable crystal growth can be assumed in abiogenic marine aragonites. This would explain why the Na/Ca, S/Ca and Mg/Ca ratios of abiogenic marine aragonites are generally lower than those of coral skeletons (see Figs. 4(a) and (c) ), if ion incorporation into LDDs is the principal mechanism for the incorporation of these minor elements into biogenic and abiogenic marine aragonites.
It is known that significant amounts of Na and Mg are adsorbed, as ionic forms, on the surface of coral skeletons and that the ions adsorbed on the skeletal surface can be removed by treating the skeletons with distilled/ deionized water (DDW) or a very weak acid solution (e.g., Amiel et al., 1973; Yoshioka et al., 1985 Yoshioka et al., , 1986 Mitsuguchi et al., 2001; Watanabe et al., 2001b) . Our element/Ca ratio data are probably completely free from the influence of such adsorption, because we treated coral samples with DDW, very dilute HNO 3 and H 2 O 2 , under ultrasonic agitation (see Section "Materials and Methods"). It is most likely that ion adsorption occurs inside the skeletons as well (i.e., during coral skeletogenesis); some element may be highly adsorbed (i) at specific areas inside the skeletal microstructure and (ii) at the interface between the skeletal aragonite and organic matter that is distributed microscopically throughout the skeletons. Removing these kinds of adsorbed elements by chemical pretreatments would be extremely difficult or almost impossible. The amount of adsorbed elements inside abiogenic marine aragonites would be smaller than that inside coral skeletons, since it can be assumed that abiogenic marine aragonites have more simple microstructures with much lower organic content. This would explain why the Na/Ca, S/Ca and Mg/Ca ratios of abiogenic marine aragonites are generally lower than those of coral skeletons (see Figs. 4(a) and (c)), if ion adsorption is the principal mechanism for the incorporation of these minor elements into biogenic and abiogenic marine aragonites.
It has been observed that, in coral skeletal microstructure, Mg and S are clearly concentrated around the center of calcification which has higher organic content and consists of smaller granular crystals (Allison, 1996; Cuif et al., 2003; Meibom et al., 2004 Meibom et al., , 2007 Shirai et al., 2005 Shirai et al., , 2008 Reynaud et al., 2007) , though it remains unclear whether the local enrichment of Mg and S is due to LDDs or adsorption or some other factor. Some researchers have suggested that Mg and S in coral skeletons may be predominantly bound to or hosted in organic materials (e.g., Cuif et al., 2003; Finch and Allison, 2008) ; however there arises a question whether this "organic hypothesis" can explain the strong positive correlations between Na, S and Mg that hold good for various abiogenic marine aragonites as well as coral skeletons. In addition, the organic hypothesis seems incompatible with the fact that Mg/Ca ratios of experimentallyprecipitated abiogenic aragonites are very similar to those of coral skeletons (Gaetani and Cohen, 2006; Gabitov et al., 2008) . As seen in Figs. 4(a) and (c), the Na-Mg and Na-S correlations approximate to direct proportionality (i.e., each regression line passes approximately through the origin of coordinates). This seems to be evidence that the principal mechanism for the incorporation of Na, S and Mg into biogenic and abiogenic marine aragonites is ion incorporation into LDDs and/or ion adsorption (including the adsorption at the aragonite-organic matter interface) (see Appendix). Mitsuguchi et al. (2001) estimated, using their experimental data, the molar ratio of Mg and Na adsorbed on the surface of coral skeleton to be 0.22-0.23, which was very similar to the value of the skeleton itself (0.18-0.21). This strongly supports the "ion adsorption hypothesis".
CONCLUSIONS
Our chemical analyses of coral skeletons suggest that the skeletal Na/Ca ratio is controlled by some factor(s) other than temperature, salinity, and seawater Na/Ca ratio. A compilation of published results indicates strong positive correlations between Na, S and Mg concentrations in both coral skeletons and abiogenic marine aragonites; the correlations in the skeletons generally occur only on the microscale (≤a few hundreds of µm). The Na-S-Mg correlations seem to be a key to understanding the incorporation of these elements into biogenic and abiogenic marine aragonites. We suggest that the principal mechanism for the incorporation of Na, S and Mg into biogenic and abiogenic marine aragonites is ion incorporation into lattice defects and distortions and/or ion adsorption (including the adsorption at the aragoniteorganic matter interface). Neither numerical modeling nor experimental/theoretical studies concerning the incorporation of minor and trace elements into coral skeletons have yet dealt with Na, S and F (Sinclair, 2005; Gaetani and Cohen, 2006; Gabitov et al., 2008) , despite the fact that these elements, along with Sr and Mg, constitute the five minor elements with the highest molar abundances in the skeletons. Intensive investigations of Na, S and F in coral skeletons may greatly enhance our understanding of coral element/Ca ratios as paleoenvironmental proxies. three referees (Jens Zinke of Vrije Universiteit Amsterdam and two anonymous) and the associate editor (Tsuyoshi Watanabe of Hokkaido University) for their comments and suggestions on the manuscript.
APPENDIX
We propose the following two explanations for the direct proportional relationships between Na/Ca, Mg/Ca and S/Ca ratios observed in coral aragonite and various abiogenic marine aragonites (see Figs. 4(a) and (c) ).
(I) If neither element A nor element B can occupy any specific sites in the aragonite lattice and if both are only incorporated into defects and distortions of the lattice, then both A/Ca and B/Ca molar ratios of the aragonite will be directly proportional to the total amount of the defects and distortions per unit mass of the aragonite. This can be expressed by the following equations:
A/Ca = C A × TALDDs (Fig. A1(a)) and B/Ca = C B × TALDDs (Fig. A1(b) ).
Here, C A and C B are constants (positive numbers) for the elements A and B, respectively; and TALDDs represents the total amount of lattice defects and distortions per unit mass of the aragonite. Consequently, the A/Ca and B/Ca ratios are directly proportional to each other (Fig. A1(c) ).
(II) If neither element A nor element B is incorporated into the aragonite lattice and if both are only adsorbed onto the surface/interface of the aragonite, then both A/Ca and B/Ca molar ratios of the aragonite will be directly proportional to the total surface/interface area per unit mass of the aragonite. This can be expressed by the following equations:
A/Ca = D A × TSIA (Fig. A2(a)) and B/Ca = D B × TSIA (Fig. A2(b) ).
Here, D A and D B are constants (positive numbers) for the elements A and B, respectively; and TSIA represents the total surface/interface area per unit mass of the aragonite. Consequently, the A/Ca and B/Ca ratios are directly proportional to each other (Fig. A2(c) ). 
